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Abstract In legal medicine, reliable localization and analysis
of hematomas in subcutaneous fatty tissue is required for fo-
rensic reconstruction. Due to the absence of ionizing radiation,
magnetic resonance imaging (MRI) is particularly suited to
examining living persons with forensically relevant injuries.
However, there is limited experience regarding MRI signal
properties of hemorrhage in soft tissue. The aim of this study
was to evaluate MR sequences with respect to their ability to
show high contrast between hematomas and subcutaneous
fatty tissue as well as to reliably determine the volume of
artificial hematomas. Porcine tissue models were prepared
by injecting blood into the subcutaneous fatty tissue to create
artificial hematomas.MR images were acquired at 3Tand four
blinded observers conducted manual segmentation of the he-
matomas. To assess segmentability, the agreement of mea-
sured volume with the known volume of injected blood was
statistically analyzed. A physically motivated normalization
taking into account partial volume effect was applied to the
data to ensure comparable results among differently sized he-
matomas. The inversion recovery sequence exhibited the best
segmentability rate, whereas the T1T2w turbo spin echo se-
quence showed the most accurate results regarding volume
estimation. Both sequences led to reproducible volume esti-
mations. This study demonstrates that MRI is a promising
forensic tool to assess and visualize even very small amounts
of blood in soft tissue. The presented results enable the im-
provement of protocols for detection and volume determina-
tion of hemorrhage in forensically relevant cases and also
provide fundamental knowledge for future in-vivo
examinations.
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Introduction
Imaging techniques like computed tomography (CT) and
magnetic resonance imaging (MRI) are well established in
many clinical applications, and various qualitative findings
and quantitative measurements derived from imaging data
are used to aid radiologists and clinicians in the diagnosis
and follow-up of different diseases. MRI and CT play a major
role in tumor diagnosis and staging e.g. in lung cancer [1–3],
breast tumors [4–6], prostate tumors [7–10], and brain tumors
[11–15], as well as in the follow-up of tumor progression [16,
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17], often requiring volume measurements of tumor struc-
tures. Another specific parameter is the volume measurement
of liquids in the assessment of hemorrhages. Further, volume
determination has proven especially useful for measurement
of liquid volumes in the assessment of hemorrhages [18], and
in the diagnosis and prognosis of cerebral bleedings [19]. In
the case of cerebral hemorrhage, determination of both initial
hematoma volume and volume change, is essential as both
factors are independent predictors of treatment outcome and
mortality [20, 21]. Hence, CT and MRI protocols are well
established for the determination of these critical factors [19,
22–24]. In contrast, only limited knowledge exists on the de-
tection, volume estimation and investigation of hemorrhage in
soft tissue using MRI [25], as such lesions have less therapeu-
tic consequences.
Differently to clinical applications, in forensic medicine
information on blunt force injuries, especially hematomas in
the subcutaneous fatty tissue, are highly relevant [26].
Analysis of hematomas is required for forensic reconstruction
and verification of a specific course of events, especially in
cases involving child maltreatment or interpersonal violence.
To date, the gold standard for the detection of subcutaneous
hematomas due to blunt force is a detailed examination of the
entire body surface including photo documentation of any
visible lesions [27]. Nevertheless, subcutaneous hematomas
are not necessarily visible externally, since visibility depends
on many factors, such as time since impact, pigmentation of
the skin or the amount of blood in the hemorrhage. In order to
obtain additional information regarding blunt force associated
with soft tissue injuries, the use of imaging methods, such as
CT and MRI has been proven to be beneficial [28].
Due to superior contrast achievable in soft tissue and ab-
sence of ionizing radiation, MRI holds advantages over CT,
particularly if used in clinical forensic cases involving victims
of interpersonal violence. Although nowadays a growing in-
terest using MRI in forensic medicine is recognized, to date
there is only limited experience regarding the detection and
assessment of forensically relevant soft tissue injuries
[28–32].
Therefore, the aim of this study was the experimental de-
termination of the detection limits of subcutaneous blood vol-
umes in a porcine tissue model using 3.0 T MRI. Four MR
sequences were evaluated regarding their potential for precise
estimation of the blood volume of hemorrhages.
Materials & methods
Porcine tissue model preparation
Ten pork bellies from the butcher were prepared by injecting
freshly drawn venous blood from a healthy human volunteer
into the subcutaneous fatty tissue of the pork belly to create
artificial hematomas.
A total of 40 hematomas were injected into ten pork bellies
using four different blood volumes (0.1, 0.3, 0.6 and 1.0 mL).
The placement of the hematomas with the four different vol-
umes was performed randomly across the pork bellies. During
porcine tissue model preparation care was taken to only intro-
duce hematomas into the subcutaneous fatty tissue layer
(Fig. 1). Nevertheless, localization of hematomas in the mus-
cular tissue could not be completely prevented.
MR imaging
MR images of pork bellies preheated to approximately 37 °C
were acquired at 3.0 T (TimTrio, Siemens Healthcare,
Erlangen, Germany) using a combination of a spine and small
flex coil. The protocol consisted of the following four MR
sequences: T1 weighted (T1w) Fast Low Angle Shot
(FLASH), T1w Turbo Inversion Recovery (TIR), Proton
Density weighted (PDw) Turbo Spin Echo (TSE) with fat
saturation (FS), and T1w and T2w TSE sequence (see
Table 1). The sequences were chosen in order to maximize
contrast between hematomas and surrounding tissues.
Image analysis
Four blinded observers (3 forensic pathologists, 1 radiologist)
conducted manual segmentation of the 160 hematoma scans
(ten porcine tissue models, each with four hematomas and
four corresponding MR sequences) using the ITK-SNAP
[33] software (www.itksnap.org) by selecting all voxels
corresponding to the hematoma on each slice of the scan.
For image analysis the window level was fixed at Full-
Width Half-Maximum for each series and kept the same for
all observers. Figure 2 shows an example of a segmented scan.
Hematoma volumes were automatically calculated by the
ITK-SNAP software. For assessment of intra-observer vari-
ability, segmentation was repeated after one week for 50%
of the hematomas (randomly selected).
Fig. 1 Photograph of a cross section of an artificial hematoma in a pork
belly
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Statistical analysis
Frequency cross tabulations were calculated to assess the
segmentability of all hematomas, all sequences, and volumes.
Hematomas were considered segmentable with a calculated
volume larger than 0. An additional forensic pathologist de-
cided whether the hematomas were only located in the subcu-
taneous fatty tissue or also in the muscular tissue. The location
of the artificial lesions was considered in statistical analysis.
Accuracy and precision of volume measurements were
assessed both quantitatively using summary statistics and
graphically using boxplots of the estimated volumes (median,
25th and 75th percentiles, whiskers to demonstrate the lowest/
highest point within 1.5 × interquartile range [IQR], data be-
yond these limits were considered outliers) for each rater, se-
quence and hematoma size. In all diagrams the estimated vol-
ume was plotted against the ground truth volume (injected
volume). Analysis was performed twice, initially for all hema-
tomas independent of their location and thereafter for hema-
tomas located in the subcutaneous fatty tissue only. Boxplots
show the pooled and averaged results of the forensic patholo-
gists, the radiologist, and finally for all observers.
Intra-observer reliability was determined by Bland-Altman
analysis [34], in which the mean value of two ratings was
plotted against their difference. Bias and the Limits of
Agreement (LoA) were calculated. For the assessment of
inter-observer reliability the same analysis was conducted
using the differences of the first rating of two distinct ob-
servers. For intra- and inter-observer reliability analysis only
data from hematomas located in the subcutaneous fatty tissue
were taken into account, as the study and the protocol were
designed to focus on this issue.
A major requirement for a valid statistical analysis is the
homoscedasticity of the differences, i.e. the variance is inde-
pendent from actual hematoma size. Therefore, the correlation
(Kendall’s τ) between mean and absolute value of the differ-
ences (V vs. |V1−V2|) was calculated, to assess if there was a
systematic relationship. In case of heteroscedasticity either a
log-transform was applied, or the difference was normalized
by the mean (V1−V2
V
). Calculation of Kendall’s τ showed that
there was significant heteroscedasticity in the differences, i.e.
the variance of the differences was dependent on the size of
the hematoma. In such cases a suitable transformation of the
data was sought. Of all the proposed transformations, a phys-
ically motivated transformation model taking the partial vol-
ume effect into account removed this heteroscedasticity most
effectively. Therefore, this transformation was considered to
be the best choice for further analysis and physically motivat-
ed normalization was performed: Assuming a hematoma of
spherical form with radius ρ and “oversegmenting” a relative-










. After transformationKendall’s τwas computed once
Table 1 Sequence parameters
used for the acquisition of MR
images
FLASH TIR PDw TSE FS T1T2w TSE
Sequence type FLASH 3D TIR 2D TSE 2D TSE 2D
In-plane resolution (mm2) 0.83 × 0.83 0.83 × 0.83 0.72 × 0.72 0.72 × 0.72
Number of slices 40 40 40 40
Slice thickness (mm) 2 2 2 2
TE (ms) 2.02 9 8.8 53
TR (ms) 100 5610 3380 619
TI (ms) - 200 - -
Flip angle (°) 44 180/90/180 90/180 90/180
Bandwidth (Hz/Pixel) 620 349 296 296
Averages 1 3 3 3
Fat saturation - - FS -
Turbo factor - 7 7 7
MRMagnetic Resonance, TE Echo Time, TR Repetition Time, TI Inversion Time, FLASH Fast Low Angle Shot,
TIR T1 weighted Turbo Inversion Recovery, PDw TSE FS Proton Density weighted Turbo Spin Echo with fat
saturation, T1wT2w TSE T1 and T2 weighted TSE sequence
Fig. 2 MR (Magnetic Resonance) image of a porcine tissue model
acquired with the T1T2w TSE (T1 and T2 weighted Turbo Spin Echo)
sequence. Colors represent the areas of the four artificial hematomas
identified during manual segmentation using ITK-SNAP software
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again. Bias and LoA (and their corresponding confidence in-
tervals) were computed for the transformed data according to
Bland et al. [34]. Subsequently, those parameters were back-






limits and bias for the original data. For the assessment of
intra- and inter-observer variability the data were also trans-
formed prior to the computation of bias and LoA.




Visual comparison of the four sequences showed good posi-
tive or negative contrast between hematomas and the subcu-
taneous fatty tissue. Hematomas were hyper intense in the
PDw TSE FS sequence (Fig. 3c), while in the other sequences
(FLASH, TIR, T1T2w TSE) they displayed as hypo intense
(Fig. 3a–d). During visual control it was found that 432 out of
the 640 segmentations were completely located in the subcu-
taneous fatty tissue, the remaining 208 were at least partially
located in the muscular layers (illustrated by white rectangles
in Fig. 3).
Segmentability
In total, 640 hematomas were assessed using the ITK-SNAP
software. 611 out of 640 (95.5%) hematomas were
segmentable, with a segmentation rate ranging from 88.8%
to 100% depending on the used MR sequence. In contrast to
the other sequences, in the TIR sequence all hematomas could
be successfully segmented. The segmentation rate concerning
injected volumes ranged from 93.8% (0.3 mL) to 96.9%
(1.0 mL). Details regarding segmentability of all hematomas
are given in Table 2.
When hematomas located only in subcutaneous fatty tissue
were separately assessed, 428 out of 432 (99.1%) were
segmentable (Table 3), indicating an improved segmentability
for all used MR sequences (98.1% to 100%) compared to the
segmentation rate when all hematomas were considered.
TIR and PDw TSE FS sequences allowed segmentation of
all hematomas in the subcutaneous fatty tissue. Segmentation
rates related to injected blood volumes into fatty tissue ranged
between 96.4% for 0.3 mL and 100% for 0.1, 0.6, and 1.0 mL.
Accuracy and precision
The boxplots comparing volume estimation with ground truth
(Fig. 4) show that in general the medians of the determined
volumes were overestimated compared to the injected vol-
ume, independent of the observers, sequences and locations.
In comparison to the analysis of all hematomas, those located
in subcutaneous fatty tissue showed less outliers and a reduced
IQR. This could be particularly well observed in the T1T2w
TSE sequence. Comparison of the medians of the estimated
volumes of the hematomas located in the subcutaneous fatty
tissue showed that these volumes were closest to the ground
truth (see Table 4, bold numbers).
Intra- and inter-observer reliability
Comparison of non-transformed and transformed data using
Bland-Altman analysis showed that the LoA tended to be too
broad for small hematoma volumes and too narrow for large
volumes. This deficiency was effectively removed by apply-
ing the physically motivated transformation taking the partial
volume effect into account, which yielded curved limits for a
better description of the data (Fig. 5).
Fig. 3 MR (Magnetic
Resonance) images of a porcine
tissue model using four different
MR sequences: a FLASH, b TIR,
c PDw TSE FS, d T1T2w TSE.
The white rectangles highlight a
hematoma where the blood was
partly injected into the muscular
layer. (FLASH, Fast Low Angle
Shot; TIR, T1 weighted Turbo
Inversion Recovery; PDw TSE
FS, Proton Density weighted
Turbo Spin Echo with fat
saturation; T1wT2w TSE, T1 and
T2 weighted TSE sequence)
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Figure 6 represents summarized results of intra-observer
reliability of estimations of hematoma volumes. On average
the slope of the bias curve was negative, i.e. the second vol-
ume segmentation tended to be larger than the first. There was
substantial variation yielding LoA from −0.15 to 0.10 mL for
0.1 mL hematomas and from −0.70 to 0.45 mL for 1.0 mL.
With the TIR sequence, a slight positive bias was observed in
contrast to the other sequences. Additionally, the TIR se-
quences showed lower LoA compared to the other sequences
(Online Resource 2).
The results for the assessment of inter-observer reliability
are presented in Fig. 7. The median LoA ranged from −0.21 to
0.11 mL for 0.1 mL hematomas and −0.96 to 0.49 mL for
1.0 mL. There was a small negative bias in all sequences, with
TIR and T1T2w TSE showing the lowest LoA (Online
Resource 3). Figure 7 depicts that the agreement between
the forensic pathologists is generally better than between fo-
rensic pathologists and the radiologist.
Discussion
Blunt force injuries, such as hematomas, are a matter of spe-
cial interest in forensic medicine. Although hematomas do not
usually have any therapeutic consequence, their presence can
have relevant implications for forensic reconstruction and ver-
ification of a specific course of events.
In order to assess the detection limit of blood volumes in
subcutaneous tissue, artificial hematomas were experimental-
ly evaluated using different MR sequences in a porcine tissue
model. Firstly, the segmentability of the four studied MR se-
quences was evaluated, followed by examination of accuracy
and precision of the volume estimation. When comparing the
four sequences regarding detection of hematomas, the present
study demonstrated that the TIR sequence exhibited the best
segmentability rate. The most accurate results regarding vol-
ume estimation could be achieved with the T1T2w TSE se-
quence. In intra- and inter-observer reliability experiments the
TIR and T1T2w TSE sequences showed the most reproduc-
ible results.
In general, with all four MR sequences suitable contrast
properties for segmenting hematomas in the subcutaneous fat-
ty tissue was achieved. Thus, the applicability of the selected
sequences for image segmentation and volume measurement
was shown. A crucial requirement for the choice of the se-
quences was to achieve good contrast between the lesion and
the fatty tissue. The contrast achievable between different tis-
sues is influenced by several factors, with the main factors
Table 2 Number of segmented
hematomas in relation to the total
number of artificially created
hematomas, separately for




0.1 mL 0.3 mL 0.6 mL 1.0 mL Total
segmentation
MR sequence
FLASH 40/40 38/40 38/40 36/40 125/160 (95.0%)
TIR 40/40 40/40 40/40 40/40 160/160 (100%)
PDw TSE FS 38/40 40/40 39/40 40/40 157/160 (98.1%)










MRMagnetic Resonance, FLASH Fast Low Angle Shot, TIRT1 weighted Turbo Inversion Recovery, PDw TSE
FS Proton Density weighted Turbo Spin Echo with fat saturation, T1wT2w TSE T1 and T2 weighted TSE
sequence
Table 3 Number of segmented
hematomas located in the
subcutaneous fatty tissue in
relation to the total number of
artificially created hematomas
located in the subcutaneous fatty
tissue, separately for different




0.1 mL 0.3 mL 0.6 mL 1.0 mL Total
segmentation
MR sequence
FLASH 28/28 26/28 24/24 28/28 106/108 (98.1%)
TIR 28/28 28/28 24/24 28/28 108/108 (100%)
PDw TSE FS 28/28 28/28 24/24 28/28 108/108 (100%)










MRMagnetic Resonance, FLASH Fast Low Angle Shot, TIRT1 weighted Turbo Inversion Recovery, PDw TSE
FS Proton Density weighted Turbo Spin Echo with fat saturation, T1wT2w TSE T1 and T2 weighted TSE
sequence
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being the relaxation behavior of each tissue. Relaxation times
(T1 and T2) are intrinsic tissue properties which describe the
complex process of nuclear spin magnetization returning to its
equilibrium state following excitation in MRI. Additional
factors relevant in achieving contrast are for example the mag-
netic properties (e.g. susceptibility) of tissues and saturation of
specific tissue types (e.g. fat), which is dependent on the ap-
plied MR sequence.
Fig. 4 Boxplots of ground truth volume plotted against the estimated
hematoma volume. Top: Total hematomas, bottom: hematomas located
only in subcutaneous fatty tissue. Colors represent the MR (Magnetic
Resonance) sequences used for imaging and further segmentation (in
chronological order—pink: FLASH, orange: TIR, brown: PDw TSE
FS, green: T1T2w TSE). Boxes illustrate the median, 25th and 75th
percentiles, and whiskers to lowest/highest data point within a
1.5 × interquartile range, dots represent outliers. The thick black lines
demonstrate the ground truth volumes. (FLASH, Fast Low Angle Shot;
TIR, T1 weighted Turbo Inversion Recovery; PDw TSE FS, Proton
Density weighted Turbo Spin Echo with fat saturation; T1wT2w TSE,
T1 and T2 weighted TSE sequence)
Table 4 Pooled and averaged
results (volumes calculated by
segmentation) of all observers:
median, 25th (Q 0.25) and 75th
(Q 0.75) percentiles of segmented
hematomas located in the
subcutaneous fatty tissue, bold
numbers showing the median
closest to the ground truth
Ground truth [mL] Sequence Median [mL] Q 0.25 [mL] Q 0.75 [mL]
0.1 FLASH 0.34 0.27 0.60
0.1 TIR 0.31 0.24 0.40
0.1 PDw TSE FS 0.29 0.27 0.36
0.1 T1T2w TSE 0.27 0.18 0.41
0.3 FLASH 0.57 0.40 0.79
0.3 TIR 0.70 0.62 0.75
0.3 PDw TSE FS 0.60 0.48 0.74
0.3 T1T2w TSE 0.41 0.30 0.53
0.6 FLASH 1.13 0.82 1.38
0.6 TIR 1.46 1.31 1.75
0.6 PDw TSE FS 1.23 1.02 1.41
0.6 T1T2w TSE 1.03 0.79 1.22
1.0 FLASH 1.75 1.46 2.08
1.0 TIR 2.18 1.90 2.34
1.0 PDw TSE FS 1.82 1.53 2.14
1.0 T1T2w TSE 1.45 1.23 1.64
Q Quartile, FLASH Fast Low Angle Shot, TIR T1 weighted Turbo Inversion Recovery, PDw TSE FS Proton
Density weighted Turbo Spin Echo with fat saturation, T1wT2w TSE T1and T2 weighted TSE sequence
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In the gradient echo sequence (FLASH) high contrast was
observed due to the differing magnetic properties of deoxy-
genated compared to oxygenated hemoglobin. These intrinsic
tissue properties led to local magnetic field inhomogeneities,
which in turn led to signal loss during the application of this
imaging sequence. The applied turbo inversion recovery se-
quence (TIR) allowed nulling of the fat signal at an inversion
time (TI) of 200 ms (3.0 T) based on the characteristically
short T1 of fat. Due to the longer T1 relaxation time of venous
blood, which is a major component in hematomas, the signal
contribution of the lesion was not nulled enabling acquisition
of images with good contrast between the hematoma and the
suppressed fatty tissue. In the proton-density weighted se-
quence with fat saturation (PDw TSE FS) a special pulse
was used to abrogate the fat signal, so that contrast between
the lesion and the fatty tissue was once again maximized. In
the sequence with combined T1 and T2 weighting (T1T2w
TSE) the fatty tissue appeared bright due to its short T1 and
Fig. 5 Bland-Altman plot
describing inter-observer
reliability of one radiologist and
one forensic pathologist for non-
transformed data (left) and
transformed data (right) of
hematomas of the subcutaneous
fatty tissue. The mean hematoma
size is plotted against the
difference in volume estimation.
The black curves represent the
bias, the grey ones the LoA
(Limits of Agreement). Dashed
curves illustrate the 95%
confidence interval of bias (black)
and LoA (grey)
Fig. 6 Bland-Altman plot describing intra-observer reliability of
summarized results of transformed data (hematomas located in the
subcutaneous fatty tissue). Brown symbols represent the averaged bias
over the estimated hematoma volumes of each observer, out of two
measurements. The blue symbols represent the LoA (Limits of
Agreement; bias ±1.96 × standard deviation) of the estimated
hematoma volumes of each observer. The boxes represent the median,
25th and 75th percentiles of the averaged data (bias and LoA) over all
observers. The brown continuous curve links the bias averaged over all
four observers (thick black line in boxes), the blue dashed curves link the
averaged LoA of all observers
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rather long T2 relaxation time. In comparison, deoxygenated
blood, present in hematomas, appeared darker due to its longer
T1 and shorter T2 relaxation times, once again leading to good
contrast in this sequence.
The contrast between the hematoma located in the muscle
tissue and the actual muscle tissue itself was not adequate.
This was reflected in the results of the segmentability of all
lesions (intramuscular and subcutaneous fatty tissue), which
demonstrated a generally lower segmentation rate. The only
sequence having no location dependency was TIR, where all
hematomas could be segmented independently of their loca-
tion. This can be explained by the differences of the T1 relax-
ation times of the corresponding tissues (fatty tissue: 400 ms,
muscle 900 ms, venous blood: 1500–1650 ms) [35, 36]. The
other sequences did not allow a 100% segmentation rate of all
hematomas but did show increased segmentability, when only
hematomas in fatty tissue were taken into account.
The overall accuracy and precision of the volume estima-
tion was poor. Averaged volumes were generally
overestimated, if compared to the injected volume. If evaluat-
ing the lesions inside the fatty tissue only, there was an in-
crease in accuracy and precision, probably due to the im-
proved contrast between subcutaneous fatty tissue and blood.
However, the volumes of lesions in the subcutaneous fatty
tissue were still overestimated by all observers, especially by
the radiologist. Over- and underestimation is a general issue in
volume determination using imaging techniques in a medical
context. Huttner et al. [37] described significant overestima-
tion of irregularly shaped cerebral hematomas in CT images
using ABC/2 technique for volume estimation. A recent study
by Leddy et al. [38] noted a significant overestimation ofMRI
in volume estimation of breast cancer in contrast to other
imaging modalities. In volume estimation of prostate cancer
using different MR sequences, over- and underestimation of
the actual tumor volume was observed depending on the MR
sequences used, with no single sequence resulting in accurate
tumor volume determination [39]. The volume overestimation
observed in the present study can be explained by several
factors. The inner part of the hematoma (as seen in Fig. 1) is
a compact volume mainly consisting of blood, whereas in the
periphery the blood intermingles with fatty tissue, dispersing
around the fat lobuli and along the septa. The appearance of
this outer area in MR images is dependent on the contrast and
windowing settings. The chosen window parameters have a
great impact on the segmentation results and therefore fixed
window values were introduced in this study. Nevertheless,
the individual perception of hematoma perimeters in MR im-
ages remains a main source of error in manual segmentation.
Another reason for the overestimation of hematoma volumes
might originate from partial volume effects, as a consequence
of the limited voxel size. Especially manual segmentation by
the radiologist in contrast to non-radiologist segmentation
showed extended perimeters of the hematoma. Interestingly,
the sequence where the least hematomas were segmented
(T1T2w TSE) was the most accurate one concerning volume
estimation. In the T1T2w TSE sequence fatty tissue structures
were visible within some hematomas, which were not visible
in the other sequences (Fig. 3), additionally leading to a better
Fig. 7 Bland-Altman plot describing inter-observer reliability of
summarized results of transformed data (hematomas located in the
subcutaneous fatty tissue). The brown symbols represent the averaged
bias over the estimated hematoma volumes of two observers. The blue
symbols represent the LoA (Limits of Agreement; bias ±1.96 × standard
deviation) of the estimated hematoma volumes of 2 observers. The boxes
represent the median, 25th and 75th percentiles of the averaged data (bias
and LoA) over all calculations. The brown curve links the bias averaged
over all observers (thick black line in boxes), the blue dashed curves link
the averaged LoA of all observers
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defined differentiation of the hematomas. Another effect on
volume estimation could also be attributed to image resolu-
tion, which was higher for the T1T2w TSE and PDw TSE FS
sequences than for the FLASH and TIR sequences. However,
this effect was more prominent for the T1T2w TSE sequence.
A decreasing relative error for all observers was observed
with increasing hematoma size. This can be explained by the
physical model used to normalize the data. By assuming a
hematoma of spherical form, the resulting error due to over-
segmentation decreases with increasing hematoma radius. In
this study, very small amounts of blood were examined.
However, under in vivo conditions usually larger hematoma
volumes would be expected, which would reduce this relative
error. These factors which contributed to the volume overes-
timation can also be held accountable for the low intra- and
inter-observer reliability obtained in this study.
One limitation of this study was that for some hematomas
residual blood flowed out of the injection canal or was not
completely injected leading to minor errors in the ground
truth. Additionally, the acquisition protocols were optimized
for achieving good contrast between blood and fatty tissue.
Therefore, blood in muscle tissue was not optimally depicted.
In conclusion, this study demonstrates the potential of MRI
to visualize even very small amounts of blood in subcutaneous
fatty tissue. Hematomas were in general well segmentable in
all of the applied sequences, with the TIR sequence showing
the best segmentation rate independent of the location of the
hematomas. Concerning volume estimation, the T1T2w TSE
sequence was most accurate. Overall, the TIR and T1T2w
TSE sequences were identified as the sequences with the
highest potential for hematoma detection and volume estima-
tion – even for very small hemorrhages.
In future, these results can be used to improve MR proto-
cols for hematoma detection in both, forensically and clinical-
ly relevant cases. Therefore, this study provides the first step
to optimize clinical forensic imaging using MRI, especially in
cases where objective evidence of subcutaneous hematomas is
required.
Key points
1. Reliable characterization of hematomas in the subcutane-
ous fatty tissue is necessary for the forensic reconstruction
in cases of interpersonal violence or child maltreatment.
2. Four magnetic resonance sequences (FLASH, TIR, PDw
TSE FS, T1T2w TSE) were evaluated with respect to the
contrast between hematoma and subcutaneous fatty tissue
and volume estimation of artificial hematomas in a por-
cine tissue model.
3. The TIR sequence exhibited the best segmentability rate
and the T1T2w TSE sequence showed the most accurate
results regarding volume estimation.
4. Segmentation and volume estimation of artificial hemato-
mas of various sizes (0.1–1 mL) were successfully
achieved using MRI.
Acknowledgements Open access funding provided by Medical
University of Graz. The authors gratefully thank Bridgette Webb, MSc,
and Thomas Widek, MSc, of the Ludwig Boltzmann Institute for
Clinical-Forensic Imaging, for technical assistance and critical review
of the manuscript.
Compliance with ethical standards
Ethical approval All procedures performed in studies involving hu-
man participants were in accordance with the ethical standards of the
institutional and/or national research committee and with the 1964
Helsinki declaration and its later amendments or comparable ethical
standards.
All applicable international, national, and/or institutional guidelines
for the care and use of animals were followed.
Informed consent Informed consent was obtained from all individual
participants included in the study.
Conflict of interest The authors declare that they have no conflict of
interest.
Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.
References
1. Lee WK, Lau EW, Chin K, Sedlaczek O, Steinke K. Modern diag-
nostic and therapeutic interventional radiology in lung cancer. J
Thorac Dis. 2013;5(Suppl 5):511–23.
2. Hochhegger B,Marchiori E, Sedlaczek O, Irion K, Heussel CP, Ley
S, et al. MRI in lung cancer: a pictorial essay. Br J Radiol.
2011;84(1003):661–8.
3. Ikeda N, Yoshimura A, Hagiwara M, Akata S, Saji H. Three di-
mensional computed tomography lung modeling is useful in simu-
lation and navigation of lung cancer surgery. Ann Thorac
Cardiovasc Surg. 2013;19(1):1–5.
4. Giezen M, Kouwenhoven E, Scholten AN, Coerkamp EG,
Heijenbrok M, Jansen WP, et al. Magnetic resonance imaging-
versus computed tomography-based target volume delineation of
the glandular breast tissue (clinical target volume breast) in breast-
conserving therapy: an exploratory study. Int J Radiat Oncol Biol
Phys. 2011;81(3):804–11.
5. Zhang L, Tang M, Min Z, Lu J, Lei X, Zhang X. Accuracy of
combined dynamic contrast-enhanced magnetic resonance imaging
and diffusion-weighted imaging for breast cancer detection: a meta-
analysis. Acta Radiol. 2015;57(6):651–60.
6. Karellas A, Vedantham S. Breast cancer imaging: a perspective for
the next decade. Med Phys. 2008;35(11):4878–97.
7. Thompson J, Lawrentschuk N, Frydenberg M, Thompson L,
Stricker P. The role of magnetic resonance imaging in the diagnosis
and management of prostate cancer. BJU Int. 2013;112(Suppl 2):6–
20.
Forensic Sci Med Pathol
8. Murphy G, Haider M, Ghai S, Sreeharsha B. The expanding role of
MRI in prostate cancer. AJR. 2013;201(6):1229–38.
9. Outwater EK, Montilla-Soler JL. Imaging of prostate carcinoma.
Cancer Control. 2013;20(3):161–76.
10. Merisaari H, Toivonen J, Pesola M, Taimen P, Bostrom PJ,
Pahikkala T, et al. Diffusion weighted imaging of prostate cancer:
effect of b-value distribution on repeatability and cancer character-
ization. Magn Reson Imaging. 2015;33(10):1212–8.
11. Bauknecht HC, Romano VC, Rogalla P, Klingebiel R, Wolf C,
Bornemann L, et al. Intra- and interobserver variability of linear
and volumetric measurements of brain metastases using contrast-
enhanced magnetic resonance imaging. Investig Radiol.
2010;45(1):49–56.
12. Nakhmani A, Kikinis R, TannenbaumA.MRI brain tumor segmen-
tation and necrosis detection using adaptive sobolev snakes. Proc
SPIE Int Soc Opt Eng. 2014;9034:903442.
13. Bauer S, Wiest R, Nolte LP, Reyes M. A survey of MRI-based
medical image analysis for brain tumor studies. Phys Med Biol.
2013;58(13):R97–129.
14. Xie K, Yang J, Zhang ZG, Zhu YM. Semi-automated brain
tumor and edema segmentation using MRI. Eur J Radiol.
2005;56(1):12–9.
15. Jung SC, Choi SH, Yeom JA, Kim JH, Ryoo I, Kim SC, et al.
Cerebral blood volume analysis in glioblastomas using dynamic
susceptibility contrast-enhanced perfusion MRI: a comparison of
manual and semiautomatic segmentation methods. PLoS One.
2013;8(8):e69323.
16. Chung C, Metser U, Menard C. Advances in magnetic resonance
imaging and positron emission tomography imaging for grading
and molecular characterization of glioma. Semin Radiat Oncol.
2015;25(3):164–71.
17. Bernsen MR, Ruggiero A, van Straten M, Kotek G, Haeck JC,
Wielopolski PA, et al. Computed tomography and magnetic reso-
nance imaging. In: Schober O, Rieman B, editors. Molecular imag-
ing in oncology. Recent results in cancer research. Berlin
Heidelberg: Springer; 2013. p. 3–63.
18. Evans JA, Bailey M, Vail A, Tyrrell PJ, Parry-Jones AR, Patel HC.
A simple tool to identify elderly patients with a surgically important
acute subdural haematoma. Injury. 2015;46(1):76–9.
19. Divani AA, Majidi S, Luo X, Souslian FG, Zhang J, Abosch A,
et al. The ABCs of accurate volumetric measurement of cerebral
hematoma. Stroke. 2011;42(6):1569–74.
20. Qureshi AI, Malik AA, Adil MM, Defillo A, Sherr GT, Suri MF.
Hematoma enlargement among patients with traumatic brain injury:
analysis of a prospective multicenter clinical trial. J Vasc Interv
Neurol. 2015;8(3):42–9.
21. Yang J, Arima H, Wu G, Heeley E, Delcourt C, Zhou J, et al.
Prognostic significance of perihematomal edema in acute intrace-
rebral hemorrhage: pooled analysis from the intensive blood pres-
sure reduction in acute cerebral hemorrhage trial studies. Stroke.
2015;46(4):1009–13.
22. Gomori JM, Grossman RI, Goldberg HI, Zimmerman RA, Bilaniuk
LT. Intracranial hematomas: imaging by high-field MR. Radiology.
1985;157(1):87–93.
23. Zyed A, Hayman LA, Bryan RN. MR imaging of intracerebral
blood: diversity in the temporal pattern at 0.5 and 1.0 T. AJNR
Am J Neuroradiol. 1991;12(3):469–74.
24. Liang L, Korogi Y, Sugahara T, Shigematsu Y, Okuda T, Ikushima
I, et al. Detection of intracranial hemorrhage with susceptibility-
weighted MR sequences. Am J Neuroradiol. 1999;20(8):1527–34.
25. Bush CH. The magnetic resonance imaging of musculoskeletal
hemorrhage. Skelet Radiol. 2000;29(1):1–9.
26. Horisberger B, Krompecher T. Forensic diaphanoscopy: how to
investigate invisible subcutaneous hematomas on living subjects.
Int J Legal Med. 1997;110(2):73–8.
27. Grassberger M, Türk EE. Die gerichtsverwertbare dokumentation
von verletzungen. In: Grassberger M, Türk EE, Yen K, editors.
Klinisch-forensische medizin interdisziplinärer praxisleitfaden für
ärzte, pflegekräfte, juristen und betreuer von gewaltopfern.
Vienna: Springer; 2013. p. 113–26.
28. Yen K, Vock P, Tiefenthaler B, Ranner G, Scheurer E, Thali MJ,
et al. Virtopsy: forensic traumatology of the subcutaneous fatty
tissue; multislice computed tomography (MSCT) and magnetic res-
onance imaging (MRI) as diagnostic tools. J Forensic Sci.
2004;49(4):799–806.
29. Webb BA, Petrovic A, Urschler M, Scheurer E. Assessment of
fiducial markers to enable the co-registration of photographs and
MRI data. Forensic Sci Int. 2015;248:148–53.
30. Neumayer B, Hassler E, Petrovic A, Widek T, Ogris K, Scheurer E.
Age determination of soft tissue hematomas. NMR Biomed.
2014;27(11):1397–402.
31. Hassler EM, Ogris K, Petrovic A, Neumayer B, Widek T, Yen K,
et al. Contrast of artificial subcutaneous hematomas in MRI over
time. Int J Legal Med. 2015;129(2):317–24.
32. Petrovic A, Krauskopf A, Hassler E, Stollberger R, Scheurer E.
Time related changes of T1, T2, and T2(*) of human blood
in vitro. Forensic Sci Int. 2016;262:11–7.
33. Yushkevich PA, Piven J, Hazlett HC, Smith RG, Ho S, Gee JC,
et al. User-guided 3D active contour segmentation of anatomical
structures: significantly improved efficiency and reliability.
NeuroImage. 2006;31(3):1116–28.
34. Bland JM, Altman DG. Statistical methods for assessing agreement
between two methods of clinical measurement. Lancet.
1986;1(8476):307–10.
35. Lu H, Clingman C, Golay X, van Zijl PC. Determining the longi-
tudinal relaxation time (T1) of blood at 3.0 Tesla. Magn Reson
Med. 2004;52(3):679–82.
36. de Bazelaire CM, Duhamel GD, Rofsky NM, Alsop DC. MR im-
aging relaxation times of abdominal and pelvic tissues measured
in vivo at 3.0 T: preliminary results. Radiology. 2004;230(3):652–9.
37. Huttner HB, Steiner T, Hartmann M, Kohrmann M, Juettler E,
Mueller S, et al. Comparison of ABC/2 estimation technique to
computer-assisted planimetric analysis in warfarin-related intrace-
rebral parenchymal hemorrhage. Stroke. 2006;37(2):404–8.
38. Leddy R, Irshad A, Metcalfe A, Mabalam P, Abid A, Ackerman S,
et al. Comparative accuracy of preoperative tumor size assessment
on mammography, sonography, and MRI: is the accuracy affected
by breast density or cancer subtype? J Clin Ultrasound. 2016;44(1):
17–25.
39. Cornud F, Khoury G, Bouazza N, Beuvon F, Peyromaure M, Flam
T, et al. Tumor target volume for focal therapy of prostate cancer-
does multiparametric magnetic resonance imaging allow for a reli-
able estimation? J Urol. 2014;191(5):1272–9.
Forensic Sci Med Pathol
